In this work, we explore the production of the newly observed charged charmoniumlike state Z c (3900)
In this work, we explore the production of the newly observed charged charmoniumlike state Z c (3900)
± by the photoproduction process γp → Z c (3900) + n. Our numerical result indicates that the maximum of the calculated total cross section of γp → Z c (3900)
+ n can reach up to the order of 0.1µb. Furthermore, the Dalitz plot analysis is performed by considering the Pomeron exchange as the background contribution. This analysis shows that the Z c (3900) + signal can be distinguished from the background easily and the best energy window of searching for Z c (3900) + is √ s ≃ 7 GeV, which is important information for further experimental study of Z c (3900) + by meson photoproduction. 
I. INTRODUCTION
Very recently, the BESIII Collaboration announced the observation of a charged charmoniumlike state Z c (3900) ± in the J/ψπ ± invariant mass spectrum of e + e − → J/ψπ + π − at √ s = 4.26 GeV [1] . Later, this novel phenomenon was confirmed by the Belle Collaboration in the same process [2] and by Ref. [3] in e + e − → J/ψπ + π − at √ s = 4.17 GeV. In addition, the corresponding neutral partner of Z c (3900) ± was also reported at a 3σ level of significance [3] . The observation of Z c (3900)
± makes the family of charmoniumlike state X, Y, Z become abundant. The experimental information of Z c (3900)
± from different experiments is listed in Table I . A peculiarity of Z c (3900) ± is that its mass is close to the DD * threshold.
TABLE I: The mass and width of Z c (3900) ± measured by BESIII, Belle, and given in Ref. [3] . Experiment Mass (MeV) Width (MeV) BESIII [1] 3899 ± 3.6(stat) ± 4.9(syst) 46 ± 10(stat) ± 20(syst) Belle [2] 3894.5 ± 6.6(stat) ± 4.5(syst) 63 ± 24(stat) ± 26(syst) Ref. [3] 3885 ± 5(stat) ± 1(syst) 34 ± 12(stat) ± 4(syst)
Before the observation of Z c (3900) ± , there are two charged bottomoniumlike states Z b (10610) and Z b (10650) reported by Belle [4] , which are near the BB * and B * B * thresholds, respectively. Different theoretical explanations to Z b (10610) and Z b (10650) were proposed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . It should be noted that the charmoniumlike structures near the DD * and D * D * thresholds were predicted in Refs. [12, 13, 16] , which can be as the partners of the observed Z b (10610) and Z b (10650). The Z c (3900) ± observation provides a good test to former theoretical predictions [12, 13, 16] . † corresponding author * Electronic address: qylin@impcas.ac.cn ‡ Electronic address: xiangliu@lzu.edu.cn Z c (3900) ± has also inspired extensive studies on its underlying properties, where Z c (3900)
± was explained as molecular state [17] [18] [19] [20] [21] [22] , tetraquark state [23] [24] [25] [26] , cusp effect [27] , initial-single-pion-emission mechanism [28] , and so on. More discussions can be found in Refs. [29, 30] . At present, carrying out the investigation of Z c (3900)
± is an interesting research topic.
Besides the analysis of the mass spectrum and the decay behavior of Z c (3900) ± , studying the production of Z c (3900) ± can provide important information on Z c (3900) ± . However, the corresponding study has been absent since Z c (3900) ± was reported. Thus, in this work we focus on this problem and explore whether Z c (3900) ± can be produced by different processes from the e + e − collision. In fact, for charmoniumlike states Z(4430) ± [31] and Y(3940) [32] observed in the B meson decays, similar studies were given in Refs. [33] [34] [35] . Liu, Zhao and Close proposed that Z(4430) ± can be produced by the meson photoproduction process γp → Z(4430) [33] . Later, the authors in Ref. [34] suggested to search for Z (4430) ± by the nucleon-antinucleon scattering at the forthcoming PANDA experiment. The discovery potential for charmoniumlike state Y(3940) by the meson photoproduction process γp → Y(3940)p was discussed in Ref. [35] .
In this work, we study the production of Z c (3900) ± through the meson photoproduction. Our calculations cannot only reveal the discovery possibility of Z c (3900)
± by the meson photoproduction, but also provide crucial information of the suitable meson photoproduction process and the best energy window of searching for Z c (3900)
± . Of course, it is valuable to further experimentally study Z c (3900)
± .
This paper is organized as follows. After the introduction, we present the calculation of the production of Z c (3900) ± via meson photoproduction. In Sec. III, the possible background contribution to the J/ψπ + n final state is discussed, and the corresponding Dalitz plot analysis is given. This work ends with the discussion and conclusion.
II. THE Z c (3900) ± PRODUCTION IN MESON PHOTOPRODUCTION
We choose the photoproduction process γp → Z c (3900) + n to study the production of Z c (3930) ± since Z c (3900) ± can couple with J/ψπ ± [1, 2] . Due to the vector meson dominance (VMD) assumption [36] [37] [38] , a photon can interact with J/ψ. And then γp → Z c (3900)
+ n occurs via the pion exchange just shown in Fig. 1 . First, we mainly concentrate on the production probability of Z c (3900) + in the γp → Z c (3900) + n process, where the differential and total cross sections of this photoproduction process are discussed.
The Z c (3900) + photoproduction through the pion exchange.
Under the VMD model [36] [37] [38] , the general expression of an intermediate vector meson V coupling with photon γ is written as
where M V and f V denote the mass and the decay constant of the vector meson, respectively. The coupling constant e/ f V can be determined by the decay V → e + e − , i.e.,
where
is the three momentum of an electron in the rest frame of the vector meson. α = e 2 /(4π) = 1/137 means the fine-structure constant. By Γ J/ψ→e + e − = 5.55 ±0.14 ±0.02 keV [39] and Eq. (2), we obtain e/ f J/ψ = 0.027.
For depicting the coupling between the pion and the nucleons, we use the the effective Lagrangian
where the coupling constant g 2 πNN /4π = 14 is adopted [40] . In addition, a monopole form factor
is introduced, where q denotes the four momentum of the exchanged pion. The cutoff Λ π is a free parameter for the πNN vertex. In the following, we will discuss the dependence of the results on the value of Λ π . If Z c (3900) ± is a resonance, Z c (3900) ± must be a good candidate of an exotic state since Z c (3900)
± is a charged charmoniumlike state [1, 2] . Among several possible exotic state assignments to Z c (3900) ± , the S-wave DD * molecular state is the most popular explanation [12, 13] , where the spin-parity quantum number of Z c (3900)
± favors J P = 1 + . In the following, according to this quantum number assignment, we discuss the production of Z c (3900)
± . The effective Lagrangian describing the Z c (3900)
+ J/ψπ coupling is [33, 41, 42 ]
where the details of constructing the effective Lagrangian can be found in Ref. [41] . In the following formula, we use Z and ψ to denote Z c (3900) and J/ψ, respectively. The coupling constant g Zψπ can be determined by the decay width of Z c (3900
where + interacting with J/ψπ + , we also introduce a form factor F Zψπ , which satisfies the form
with m i = m π . Here, the cutoff is set as the mass of the intermediate vector meson [43] , i.e., Λ = M ψ .
With the above preparation, we finally obtain the amplitude of the γ(
By
2 , the corresponding unpolarized differential cross section reads as
with
The total cross section can be obtained by integrating over the range of |k|.
dσ/dk (µb/GeV In Fig. 2 , the differential and total cross sections are plotted with Λ π = 0.7 GeV [33] , where the differential cross section is given with the fixed √ s ≃ 7 GeV. The differential cross section goes down with the increase of the −k value. Since the total cross section is proportional to the square of the coupling g Zψπ , thus the total cross section is also proportional to the decay width of Z c (3900) + → J/ψπ + . At present, the experiment did not give the concrete measurement of this decay width, which makes us take two typical values of the decay width of Z c (3900) + → J/ψπ + when discussing the differential and total cross sections. As discussed above, the theoretical value Γ[Z + → ψπ + ] = 29 MeV was calculated in Ref. [23] . Thus, the corresponding differential and total cross sections are listed in Fig. 2 . If taking the full width of Z c (3900)
± as the input, we obtain the upper limit of differential and total cross sections of the γp → Z c (3900) + n process.
As shown in Fig. 3 , we also present the variation of the total cross sections to the different typical Λ π values, where Λ π is taken as 0.5 GeV, 0.6 GeV and 0.7 GeV. The total cross sections of γp → Z c (3900)
+ n depend on the value of Λ π , i.e., the cross section changes by a factor of two when the cutoff is varied from 0.5 GeV to 0.7 GeV. 
III. THE BACKGROUND ANALYSIS
Besides giving the differential and total cross section of the Z c (3900) ± photoproduction, it is also important to further perform the background analysis of the corresponding reaction. Thus, we consider the γp → Z c (3900)
+ n → J/ψπ + n and γp → J/ψp → J/ψπ + n processes, which result in the signal and background contributions, respectively. Here, γp → J/ψp → J/ψπ + n can occur via the Pomeron exchange [33] . As a simple estimate of background, we only apply the Pomeron exchange model to illustrate the background contribution when exploring the discovery potential of Z c (3900) via meson photoproduction. In the following, we will illustrate them systematically.
As the main signal contribution, the γp → Z c (3900) + n → J/ψπ + n reaction is described in Fig. 4 .
The transition amplitude can be expressed as
where the cutoff is taken as Λ Z = M ψ [43] and the relevant kinematic variables are listed in Fig. 4 .
B. γp → J/ψπ + n with the Pomeron exchange
The Pomeron contribution has been widely applied in the study of the diffractive transitions phenomenologically [44] [45] [46] . Because the Pomeron can mediate the long-range interaction between a confined quark and a nucleon, thus the Pomeron exchange can mainly contribute to the γp → J/ψp → J/ψπ + n reaction, where the Pomeron behaviors like an isoscalar photon with C = +1. The detailed description is shown in Fig. 5 .
To describe the Pomeron exchange process shown in 5, we adopt the formula given in Refs. [33, 44, 45, 47] . The Pomeron-nucleon coupling can be written as
where t = q 2 1P = (k 1 −k 2 ) 2 denotes the the exchanged Pomeron momentum squared. β 0 is the coupling constant between a single Pomeron and a light constituent quark.
For the γVP vertex, an on-shell approximation for restoring the gauge invariance is adopted as suggested in Ref. [47] .
The γp → J/ψπ + n process through the Pomeron exchange.
Thus, the equivalent vertex for the γψP interaction is written as
β c is the effective coupling constant between a Pomeron and a charm quark within J/ψ, while µ 0 is a cutoff in the form factor related to the Pomeron. And then the amplitudes of Fig. 5 (a) and (b) read as
where G P (s, t) is related to the Pomeron trajectory α(t) = 1 + ǫ + α ′ t, which satisfies
The concrete values of the involved parameters in the above amplitudes include β 
where q 2 is the momentum of the intermediate nucleon. Later, we will discuss how to constrain the value of the cutoff Λ pnπ .
With the amplitudes listed in Eq. (11) and Eqs. (15)- (16), we obtain the square of the total invariant transition amplitude
The corresponding total cross section of the process γp → J/ψπ
with the definition of n-body phase space [39] dΦ n (P;
C. Numerical results
With the help of the FOWL code and ROOT program [48], we present the obtained total cross section including both signal and background contributions in Fig. 6-8 .
First, we present the variation of the cross section from the signal contribution for γp → J/ψπ + n with different Λ π values as shown in Fig. 6 , where we take several typical values, i.e., Λ π = 0.5, 0.6, and 0.7 GeV. The behavior of the result dependent on Λ π in Fig. 6 is similar to that in Fig. 3 .
Besides providing the information of signal channel, we also illustrate the Pomeron exchange contributions with different cutoff Λ pnπ as given in Fig. 7 , where we take several typical values in the range of Λ pnπ = 0.95 − 1.0 GeV with step of 0.01 GeV. It is obvious that the cross sections are sensitive to the values of the cutoff.
We notice that there are experimental data for a cross section of very similar process γp → J/ψp, where this cross section is just about 10 nb [49, 50]. If we naively expect that the process γp → J/ψπ + n has similar or even lower cross section to that of γp → J/ψp, Λ pnπ can be roughly constrained, i.e., Λ pnπ = 0.96 GeV. Thus, in the following discussion, we take typical values Λ π = 0.7 GeV and Λ pnπ = 0.96 GeV. Then, we obtain the total cross sections for γp → J/ψπ + n, which are given in Fig. 8 . The line shape of the cross section of γp → Z c (3900)
+ n → J/ψπ + n via the pion exchange (see Fig.  8 ) is rather similar to that of γp → Z c (3900)
+ n (see the bottom diagram in Fig. 2) , which goes up very rapidly near the threshold and has a peak around √ s = 7 GeV. The line shape of the cross section for γp → J/ψπ + n via the Pomeron exchange is monotonously increasing. There are obvious peaks appearing in the √ s dependence of the total cross section corresponding to both Γ[Z + → J/ψπ + ] = 29 and 46 MeV, thus the signal can be easily distinguished, which will be further illustrated later. As a useful approach to the data analysis, the Dalitz plot can provide more abundant information compared with the former calculation of the total cross section. In the following, we perform the analysis of the Dalitz plot of the γp → J/ψπ + n process. 
One can identify Z c (3900)
+ by analyzing the J/ψπ + invariant mass spectrum from the Dalitz plot. With the results listed in Fig. 8 , we find that the largest cross section for γp → Z c (3900)
+ n appears at √ s ≃ 7 GeV. Thus, we take this energy as one of the inputs to simulate the Dalitz plot of γp → J/ψπ + n, where the Z c (3900) + signal can be distinguished in this kinematic region. The Dalitz plot and the corresponding J/ψπ + invariant mass spectrum with several typical values of √ s are presented in Fig. 9 , where the partial decay width of Z c (3900) + → J/ψπ + is taken as 29 MeV. Figure 9 indicates that there is an explicit vertical band corresponding to Z c (3900) + when √ s = 7 GeV and √ s = 10 GeV. However, the band related to the Z c (3900) + signal is reduced when √ s = 20 GeV, which is consistent with the result from Fig. 8 . Here, the cross section σ π decreases with increasing √ s when √ s > 7 GeV. Thus, the Z c (3900) + signal contribution can be ignored compared with the background contrition if √ s > 20 GeV. The Dalitz plot in Fig. 9 also shows the existence of the horizontal band with energies higher than 10 GeV, which is due to the Pomeron exchange contribution, where the cross section from the Pomeron exchange goes up continuously. By analyzing the J/ψπ + invariant mass spectrum, we also find that the number of events of Z c (3900) + can reach up to 200/0.02 GeV 2 if taking 50 million collisions of γp. In Fig. 10 Fig. 10 is similar to that in Fig. 9 . When taking 50 million collisions of γp, the number of events of Z c (3900) + can increase to 500/0.02 GeV 2 .
IV. DISCUSSION AND CONCLUSION
Stimulated by the newly observed charged charmoniumlike state Z c (3900) ± [1, 2] , in this work we explore the discovery potential of the Z c (3900)
± production by meson photoproduciton, which is different from its e + e − → J/ψπ + π − process measured by BESIII and Belle [1, 2] . We find that γp → Z c (3900) + n can be as a suitable photoproduction process to study the production of Z c (3900) + , where the differential and total cross sections are calculated. One finds that the maximum of the total cross section of γp → Z c (3900)
+ n is around the order of 0.1 µb, which is comparable with the cross section of J/ψ, ψ(2S ), and Υ photoproduction in the HERA experiment.
Furthermore, we carry out the analysis of the Dalitz plot of γp → J/ψπ + n and give the distribution of the corresponding J/ψπ + invariant mass spectrum, where the signal and background contributions are considered. The Dalitz plot analysis provides valuable information for further experimental study of Z c (3900)
+ via meson photoproduction, where the Z c (3900) + signal can be easily distinguished. In summary, both the calculation of total reaction cross section and the analysis of the Dalitz plot indicate that it is accessible to search for Z c (3900) + via meson photoproduction. We also expect further experimental progress on the Z c (3900) + photoproduction. 
